Angular momentum plays very important roles in the formation of primordial black holes in the matter-dominated phase of the Universe if it lasts sufficiently long. In fact, most collapsing masses are bounced back due to centrifugal force, since angular momentum significantly grows before collapse. For masses with q ≤ q c ≃ 2.4I 1/3 σ 1/3 H , where q is a nondimensional parameter of initial reduced quadrupole moment, σ H is the density fluctuation at horizon entry t = t H , and I is a parameter of the order of unity, angular momentum gives a suppression factor ∼ exp(−0.15I 4/3 σ −2/3 H ) to the production rate. As for masses with q > q c , the suppression factor is even stronger as ∼ exp(−0.0046q 4 /σ 2 H ). We derive the spin distribution of primordial black holes and find that most of the primordial black holes are rapidly rotating near the extreme value a * = 1, where a * is the nondimensional Kerr parameter at their formation. The smaller σ H is, the stronger the tendency towards the extreme rotation. Combining this result with the effect of anisotropy, we numerically and semianalytically estimate the production rate β 0 of primordial black holes. Then we find that β 0 ≃ 1.9 × 10 −6 f q (q c )I 6 σ 2
They have left observable signatures in the Universe until now. Observational constraints on the abundance of primordial black holes by a variety of observations are reviewed in [1, 2] .
There still remains a possibility for primordial black holes to be a large fraction of dark matter [2, 3] . Sasaki et al. [4] pointed out that binary primordial black holes can be a source of gravitational wave event GW150914 observed by LIGO [5] . See, also, Refs. [6] [7] [8] for other estimates of the merger rate. This possibility was also discussed for the recently published event GW170104 [9] . Pani and Loeb [10] discussed the imprint of superradiant instabilities of spinning primordial black holes on the spectrum of cosmic microwave background. Chiba and Yokoyama [11] obtained the spin distribution of primordial black holes and concluded that primordial black holes are mostly slowly rotating based on the critical phenomena in the collapse of rotating radiation fluid [12] .
The primordial black hole formation process was pioneered in the radiation-dominated phase of the Universe by Carr [13] . In this phase, there is a threshold δ th of black hole formation, which is governed by pressure gradient force, and the production rate of black holes is given by ∼ (δ th /σ H ) exp[−δ 2 th /(2σ 2 H )], where σ H is density fluctuation at horizon entry. The threshold δ th of density perturbation was originally estimated to ∼ 1/3 [13] and recently to ∼ 0.42 − 0.56 for relatively gentler profiles of density field [14] [15] [16] [17] [18] [19] [20] . On the other hand, black hole formation in a matter-dominated phase is not yet studied so much. A matter-dominated phase is considered not only after the matter-radiation equality but also in an earlier stage of the Universe, such as the inflaton-oscillating phase after inflation [21] [22] [23] [24] and the epoch of strong phase transition [25] [26] [27] , for which the mass of the formed black holes is given in terms of the cosmological time of the epoch.
It has been conventionally believed that primordial black holes are effectively produced in the matter-dominated phase due to the absence or significant reduction of the pressure gradient force. The theory of black hole formation in the matter-dominated era was pioneered by Khlopov and Polnarev [25, 26] . It is deviation from spherical symmetry that governs the probability of black hole formation in this phase unlike in the radiation-dominated phase.
In the absence of the pressure gradient force, anisotropy develops during collapse so that the final stage can be described as pancake collapse [28, 29] . Harada et al. [30] reanalyzed this problem and found that the application of the hoop conjecture for black hole formation results in the production rate β 0 ≃ 0.05556σ 5 H for σ H ≪ 1. Based on this estimate of the production rate, Carr et al. [31] discussed the inflaton and spectator field perturbations. It should be noted that the nonspherical effect in primordial black hole formation was also discussed by Kühnel and Sandstad [32] in a very different way.
The effect of rotation has not yet been seriously studied in the formation of primordial black holes. At first sight, it seems negligible because the rotational mode is not growing in the linear order in cosmological perturbation theory. Even in full nonlinearity, circulation is conserved in the dynamics of perfect fluid. In the current paper, however, we show that this expectation is not correct. We adopt the theory of angular momentum in structure formation, which has been developed to explain the origin of the angular momentum of galaxies by Peebles [33] and Catelan and Theuns [34] . We find that angular momentum plays very important roles in the formation of primordial black holes in the matter-dominated phase.
This paper is organized as follows. In Sec. II, we present basic equations and review cosmological perturbation theory in Newtonian gravity. In Sec. III, we introduce the angular momentum of masses and review the first-order and second-order contributions. In Sec. IV, we apply this theory to primordial black hole formation in the matter-dominated era. We derive the suppression factors of the production rate and the initial spin distribution of primordial black holes. In Sec. V, we obtain the production rate of primordial black holes in the matter-dominated era and discuss it in comparison with that in the radiation-dominated era. Section VI is devoted to conclusions.
II. PRELIMINARIES A. Basic equations
We briefly review standard cosmological perturbation theory in Newtonian gravity. See e.g. Peebles [33, 35] and Hwang et al. [36] for details. We begin with the Euler equation, the equation of continuity, and the Poisson equation:
respectively, where v := Dr/Dt and a := Dv/Dt, r is the Eulerian coordinates, ∇ r is the nabla with respect to r and D/Dt denotes the time derivative along the motion of a fluid element. We introduce the comoving coordinates x, peculiar velocity u, density perturbation δ, and potential perturbation ψ such that x := r/a, u := aDx/Dt, δ := (ρ − ρ 0 )/ρ 0 , and ψ := Ψ − Ψ 0 , where ρ 0 = ρ 0 (t) and a = a(t) are the density and scale factor of the homogeneous and isotropic universe, respectively. Noting
where ∇ is the nabla with respect to x, we find v = Hax + u and a = ∂u ∂t
where the dot denotes the derivative with respect to t and H :=ȧ/a is the Hubble parameter.
As a zeroth-order solution, we find
where C(t) is an arbitrary function and K is an arbitrary constant. We assume K = 0 in this paper, corresponding to the Einstein-de Sitter universe. Integrating Eq. (2.7) with Eq. (2.4), we find
where a 0 is a positive constant and the integration constant is chosen so that a(0) = 0. Equation (2.7), hence, yields
(2.9)
For the deviation from the zeroth-order solution, we find
10) 
we findu
14) 
where we have used Eq. (2.8). A general solution is given bŷ 18) where A k and B k are arbitrary constants. The other linear perturbations are given bŷ 20) where C k is a constant vector satisfying k · C k = 0. Hereafter, we neglect decaying modes.
Then, we find
This implies that there is a velocity field potential φ = (t/a)ψ 1 such that u 1 = −∇φ.
III. ANGULAR MOMENTUM
Angular momentum within a comoving region V with respect to the origin of the coordinates is given by
In Sec. III A, we review Peebles's [33] analysis for the second-order contribution to the angular momentum. In Sec. III B, we develop a formulation for the first-order contribution similar to that Catelan and Theuns [34] developed with the Zel'dovich approximation.
A. Second-order contribution
If V is a ball centered at the origin, the first term in the parentheses on the rightmost side of Eq. (3.1) vanishes to the first order because of u 1 = −∇φ. In fact, using Gauss's theorem, we have
which vanishes if ∂V is a sphere.
To see this term beyond the first order, using Eq. (2.10), we obtain
Then, the second term on the right-hand side of Eq. The contribution from the second term in the parentheses on the rightmost side of Eq. (3.1) is growing. We should also note that the center of mass is shifted from the origin. The angular momentum L with respect to the center of mass is then given by
where R is the shift of the center of mass and P is the linear momentum. We can estimate them to the first order as
To implement the integration, we use the following formula: The functions f and g satisfy and show decaying oscillations. They can be regarded as window functions.
Then, we can show the following result:
From Eqs. (3.5) and (3.11)-(3.13), we find
We can see that L increases as t 5/3 irrespective of the details of A k . Figure 1 schematically shows that the mode coupling of two independent modes which are not parallel to each other contributes to the growing angular momentum.
Assuming that A k takes a random phase, we can calculate the variance of L as follows: 15) where
On the other hand, the density perturbation integrated over the ball of radius r 0 can be calculated to the first order as
Thus, the variance of δ s is given by From Eqs. (3.15) and (3.17), we find
where we have defined the ratio I as follows:
Note that I does not depend on the overall normalization factor of the power spectrum. We assume that I is of the order of unity. See [33] for the validity of this assumption. Equation (3.18) can be rewritten in the form
where M := (4π/3)ρ 0 (ar 0 ) 3 and R := ar 0 are the mass and the radius of the ball, respectively.
If ∂V is not a sphere, the window functions f and g are modified and the factor I will be altered. However, even in that case, Eq. (3. 20) can still apply as the expression for the second-order contribution.
B. First-order contribution
If V is not a ball, the first term in the parentheses on the rightmost side of Eq. (3.1) does not vanish in general even in the first order. To estimate this term, we use Eq. (2.21). We also assume that the Maclaurin-series expansion for ψ 1 is valid over V :
where it should be noted that ψ 1 is time independent. The truncation of the expansion up to the quadratic terms is justified if the wave number k of the perturbation satisfies kr 0 2π, where r 0 here stands for the typical size of the region V . For kr 0 ≫ 2π, the contribution should cancel out after integration over V . Then, we can calculate
where
To estimate L to the first order, we assume that the origin is located at the center of mass of V . Noting that only the traceless components of J ij and D ij can contribute to L, we finally obtain the first-order term of L as follows:
δ ij D ll . Note that this contribution grows as t.
Assuming that ∂V is determined by an ellipsoid, which is given by
the quadrupole moment J ij of the uniform ellipsoid can be easily calculated to give
where the coordinate axes are rotated to the major axes and V = (4π/3)A 1 A 2 A 3 . Assuming that J ij and D ij are uncorrelated, we obtain
We can calculate
where W (kr 0 ) is a window function which satisfies W (0) = 1 and falls off for kr 0 → ∞. If the power spectrum is isotropic, we can find
Using the identity
Thus, we find
where we have used Eq. (3.17) with the approximation W (kr 0 ) ≃ g 2 (kr 0 ). We should note
where the equality holds if and only if V is an exact ball. We can rewrite Eq. (3.32) in the following form:
where we have chosen r 0 = (A 1 A 2 A 3 ) 1/3 and defined
as a nondimensional parameter of the initial reduced quadrupole moment of the mass. In Appendix A, we present an exact expression for the first-order contribution for an ellipsoid without invoking the truncated Maclaurin-series expansion and show that Eq. (3.33) is justified if q is not too large.
If we can assume that the center of the volume is located at the peak of the density field and that ∂V is given by an equidensity surface, the distribution of q can be inferred by peak theory [34] . However, we do not need to specify the detailed distribution function of q for the purpose of the current paper.
IV. APPLICATION TO PRIMORDIAL BLACK HOLES
A. Average angular momentum of masses
We denote the first-order and second-order contributions, which are given by Eqs. (3. 33) and (3.20) , with L
1/2 , respectively. It should be noted that L
1/2 ∝ t 5/3 . We can understand these two effects in a unified manner. We can
1/2 , the quadrupole moment grows as t 2/3 due to the growth of the density perturbation. This gives time
1/2 ).
It would be useful to normalize them at the time of horizon entry t = t H , when
Then, we find 
If q = O (1), we find that the first-order effect is comparable with the second-order effect. If we assume σ H 0.1, we have a
1, implying that centrifugal force will prevent the direct collapse to a black hole. Only the masses satisfying a * ≤ 1, which are the minority, can directly collapse to a black hole. Therefore, primordial black hole formation is strongly suppressed by centrifugal force. Most of the primordial black holes are rapidly rotating at least when they are formed. The above argument must be weakened if the matter-dominated era does not last sufficiently long. This possibility will be discussed later.
B. Hypothesis
Although the above discussion qualitatively indicates the crucial role of angular momentum and the rapid rotation of black holes, it does not tell how the Kerr parameter of the mass is distributed because we have only estimated the average value of t m .
To circumvent the difficulty in determining the distributional properties of the Kerr parameter, we make an assumption. In Eqs. (3.14), (3. 16) , and (3.31), we can see that L The dependence on δ s,H can be understood as follows. Since t m is proportional to (δ s,H ) −3/2 , it takes a longer time for the mass with smaller δ s,H to get into the nonlinear regime.
This longer t m gives a longer time for the angular momentum to grow and this growth overcompensates the smaller initial value for the seed angular momentum. That is, the smaller δ s,H is, the larger the final value for a * becomes. This is the case both for the first-order and second-order contributions.
Of course, it should be noted that if δ s,H is too small, t m can be later than t end , the end time of the matter-dominated era. The finite duration of the matter-dominated era, thus, will give a lower cutoff we can neglect the effect of finite duration. Otherwise, the primordial black hole formation is significantly suppressed and the tendency towards large spins is weakened. This effect is very sensitive to the cosmological scenario. In Appendix B, we briefly discuss this effect in terms of the reheating temperature. Here we focus on the effect of angular momentum in the following analysis simply by assuming Eq. (4.13). We find that δ th(1) = δ th(2) if and only if q = q c , where
Note that a * t can be rewritten in the form a * t = (q/q c ) 3/2 in terms of q and q c . If q > q c , a * t > 1, while if q < q c , a * t < 1. depending on the value of q, where a * ≃ max(a * (1) , a * (2) ). If q > q c , then δ th = δ th(1) > δ th (2) , while if q < q c , δ th = δ th(1) < δ th (2) .
It is natural to assume that q c (≃ σ is plotted for three cases, q > q c , q = q c , and q < q c . The Kerr parameter a * is determined by a * ≃ max(a * (1) , a * (2) ). The intersection of a * (1) (δ s,H ) and a * (2) (δ s,H ) corresponds to the transition point (δ s,H , a * ) = (δ s,Ht , a * t ). We can see a * t > 1, a * t = 1, and a * t < 1 for q > q c , q = q c , and q < q c , respectively. The horizontal line a * = 1, which is denoted with a red solid line, corresponds to the extreme spin. The region below a * = 1, which is colored in pale blue, is that for black hole formation satisfying the Kerr bound a * ≤ 1. We can see that the threshold δ th is determined by a * (1) and rapidly increasing with respect to q for q > q c , while it is determined by a * (2) and constant for q ≤ q c .
an exponential suppression factor to black hole formation probability. We use the following formula for a Gaussian distribution: 15) where in the last equality we have assumed δ th ≫ σ and used an approximation erfc(x) ≃ e −x 2 /(x √ π) for x ≫ 1. This results in the following suppression factor
. (4. 16) In the above, we can see that primordial black holes are dominated by masses with smaller q. This motivates us to see masses with q < q c , which are the minority of all masses.
For q < q c , the threshold δ th is given by δ th = δ th (2 
Since this suppression is much weaker than that from the first-order effect if σ H ≪ 1, we can conclude that primordial black holes are dominated by the masses with q < q c if q is distributed around 0, although this suppression factor is still exponential. 19) respectively, if they are appropriately extended to the whole real axis.
As we have seen, masses with q < q c dominate primordial black holes if q is distributed around 0. In this case, a * ≃ a * (2) ≥ a * (1) for a * t ≤ a * ≤ 1, while a * ≃ a * (1) ≥ a * (2) for 0 ≤ a * < a * t . For a * t ≤ a * ≤ 1, since a −2/3 * obeys a Gaussian distribution, we can estimate the probability f BH (a * )da * for a * of the black hole to be between a * and a * + da * as f BH (2 Since the distribution function is continuous at a * = a * t , we find that f BH (a * ) is given by
(4. 22) up to the overall normalization factor. Figure 3 shows the distribution of the black hole spins due to the second-order effect f BH(2) (a * ), where we have chosen I = 1. We can see that most of the black holes are rapidly rotating. For σ H = 0.1, the most frequent value for the spin is given by a * ≃ 0.63. If σ H 0.04, the most frequent value is smaller than the extreme value a * = 1, while it becomes the extreme value for σ H 0.04. The distribution becomes sharper and sharper at a * = 1 as the density fluctuation σ H is decreased further.
The black hole with a * 0.2 is very rare for a reasonable range of σ H . For clarity, we do not plot the switch to the first-order effect for 0 ≤ a * < a * t in this figure. In fact, the switching for 0 ≤ a * < a * t does not change the qualitative behavior of the spin distribution function very much. It should be noted that we neglect possible change in the spin due to the general relativistic dynamics of the formation process as well as mass accretion and quantum radiation after formation.
It should be noted that the third-order and higher-order contributions can be as large as the second-order one at the maximum expansion. Generally speaking, higher-order effects will add more variance to the Kerr parameter. This suggests that the current analysis up to the second-order contribution can be valid in order of magnitude, although the higher-order
contributions are yet to be studied.
It is also interesting to see black hole spin distribution for q > q c , where a * ≃ a * (1) > a * (2) for 0 ≤ a * ≤ 1. In this regime, we find f BH (a * ) = f BH(1) (a * ) up to the overall normalization. Figure 4 shows the distribution of the black hole spin due to the first-order effect, f BH(1) (a * ).
The exponential dependence indicates that the spin parameter distribution is very dense near a * = 1, while it is extremely sparse for a * 0.6. We can see that the tendency towards the extreme rotation is much stronger than that for f BH (2 The spin distribution of primordial black holes formed in the matter-dominated era due to the second-order effect, which applies for a * t < a * , where a * t = (q/q c ) 3/2 . We put I = 1.
The curves denote the spin distribution functions normalized by their maximum values for density fluctuations σ H = 0.1, 0.05, and 0.01. We can see that the distribution has a peak at a * ≃ 0.63 for σ H = 0.1. The peak value for a * increases as σ H is decreased and reaches the extreme value a * = 1
for σ H ≃ 0.04. The peak lies at a * = 1 for σ H 0.04. It becomes sharper and sharper as σ H is decreased further. It should be noted that we have neglected possible change in the spin due to the general relativistic dynamics of the formation process as well as mass accretion and quantum radiation after formation.
V. PRODUCTION RATE
A. Production rate in the matter-dominated era
It would be interesting to calculate the probability of black hole formation by combining the effects of angular momentum and anisotropic collapse, the latter of which has been studied by Khlopov and Polnarev [25, 26] and refined by Harada et al. [30] .
To proceed further, we briefly introduce the Zel'dovich approximation, where the location of the fluid element is given by where q is the Lagrangian coordinates and b(t) is a growing mode of linear perturbation in Newtonian gravity. We introduce the eigenvalues α, β, and γ of the tensor −∂p i /∂q j and assume α ≥ β ≥ γ without loss of generality. Taking the normalization b(t H ) = a(t H ), the linear density perturbation at the horizon entry can be given by δ s,H (α, β, γ) = α + β + γ.
The Zel'dovich approximation [29] is the extrapolation of Eq. (5.1) beyond the linear regime.
The probability distribution function for α, β, and γ is given by Doroshkevich [37] as w(α, β, γ) = − 27 8 √ 5πσ 6 3 exp − 3 5σ
where we can find the relation σ H = √ 5σ 3 .
Assuming that a mass to be a black hole is initially given by a ball, the hoop conjecture for black hole formation applied to pancake collapse implies h(α, β, γ) 1, where
and E(e) is the complete elliptic integral of the second kind [30] . The production rate P ai due to this effect is calculated by
Harada et al. numerically calculated this integral and plotted the result in Fig. 1 in [30] .
They also obtain a semianalytic formula
In the current paper, we have found that the threshold for black hole formation δ th due to the effect of angular momentum is given by Eq. (4.12). Thus, the production rate of primordial black holes can be calculated by
To see the second-order and first-order effects separately, we put δ th = δ th(2) and δ th = δ th(1) in Eq. (5.7) and denote them with β 0(2) and β 0(1) , respectively. We have numerically implemented triple integration in Eq. (5.4) for P ai and Eq. (5.6) for β 0(2) and β 0(1) and plotted the results in Fig. 5 with thick solid lines.
For σ H ≪ 1 and δ th ≫ σ H , we have succeeded in deriving the following semianalytic expression for Eq. (5.6):
whereĒ ≃ 1.182. The derivation of the above formula is described in Appendix C. In In Fig. 5 , we can also see that the suppression due to the second-order effect β 0(2) is much weaker than that due to the first-order effect β 0(1) for σ H 0.02. This means that if σ H 0.02 and q is distributed around 0, the probability of black hole formation is dominated by masses with q < q c ≃ σ
H . Therefore, the assumption that the mass is initially given by a ball is naturally justified to estimate the effect of anisotropic collapse. With the distribution of q further taken into account, the probability of black hole formation is semianalytically estimated as
, (5. 10) where f q (q c ) is the fraction of masses of which q is smaller than q c .
For comparison, the production rate in the radiation-dominated phase, P rd , is also plotted with a thin solid line in this figure, where the threshold is chosen to δ th = 0.42. The production rate in the matter-dominated era is larger than that in the radiation-dominated phase for σ H 0.05, while they are comparable with each other for 0.05 σ H 1.
B. Black hole threshold in the radiation-dominated era
Here we review black hole threshold in the radiation-dominated phase in terms of density perturbation and curvature perturbation. To define the curvature perturbation, we have to introduce the 3+1 decomposition of the spacetime
where we chooseγ ij so that its determinant equals to that of the flat 3-metric. The curvature perturbation ζ is defined as
The production rates of primordial black holes are plotted. We plot the results of numerical integration for P ai due to the effect of anisotropic collapse, β 0(2) due to the combined effects of anisotropic collapse and second-order angular momentum, and β 0(1) due to the combined effects of anisotropic collapse and first-order angular momentum with a black solid line labeled P ai , a red solid line labeled "(2nd order)", and a red solid line labeled "(1st order)", respectively. We also plot the corresponding semianalytic formulas with a black short dashed line labeled P ai and blue long dashed lines labeled "(2nd order)" and "(1st order)", respectively. For comparison, we also plot the production rate in the radiation-dominated era with a green solid line labeled P rd .
For β 0(2) , β 0(1) , and P rd , we choose I = 1, q = √ 2, and δ th = 0.42, respectively. If q is distributed around 0, β 0 ≃ f q (q c )β 0(2) applies for σ H 0.005, where f q (q c ) denotes the fraction of masses of which q is smaller than q c , while β 0 ≃ P ai applies for 0.005 σ H 1.
in the uniform-density slicing [38] . Some authors including Kopp et al. [39] take another sign on the right-hand side of Eq. (5.12). Primordial cosmological perturbations are given by long-wavelength solutions, where the length scale of the perturbation is much larger than the Hubble horizon scale [38] . In the lowest and second lowest orders of the long-wavelength limit, ψ is time independent and of the order of unity. The density perturbation δ in the comoving slicing and the ψ are related to each other by the following relation [20] : is time independent, where r 0 is the comoving length scale of perturbation and is identified with r 0 in the previous sections. In general relativistic numerical simulations, r 0 has been chosen as the radius of the boundary of the overdense region. The threshold for black hole formation has been discussed in terms ofδ after it is averaged within r 0 and it can be identified with δ s,H in the previous sections. See [36, 40] for the equivalence between the density perturbations in Newtonian gravity and in the comoving slicing in general relativistic cosmological perturbation theory.
By recent numerical relativity simulations in spherical symmetry [20] , the black hole threshold in the radiation-dominated era has been found and is ψ th ≃ 1.40 − 1.69 in terms of the peak value of ψ, which is equivalent to |ζ th | ≃ 0.67 − 1.05 in terms of the peak value through Eq. (5.12), depending on the profile of the perturbation. In terms of the density perturbationδ, the threshold is given by δ th ≃ 0.42 − 0.56. This result is fairly consistent with preceding works [14] [15] [16] [17] [18] . The relation betweenδ and the peak value of ψ (or ζ) is not one to one but largely profile dependent. In fact, δ th and ψ th even show opposite behaviors on the sharpness of the transition between the overdense region and the flat FriedmannLemaître-Robertson-Walker (FLRW) exterior, as can be seen in Tables I and II and Figs. 2 and 3 in [20] . This suggests that the black hole threshold is profile dependent because of the complexity of gravitational collapse against the pressure gradient force. The analytic formula for a gentle profile is derived using a simple model of perturbation [19] and shows a good agreement with numerical results for p = wρc 2 with 0.01 ≤ w ≤ 0.6 obtained by Musco and Miller [18] . This formula givesδ ≃ 0.4135 for the radiation fluid [19] .
It should be noted that rather smaller values of |ζ th |, 0.2131 for the peak value and 0.0862
for the averaged value, are reported in Sec. IV of [19] . These smaller values are due to the very special conversion function fromδ to ζ given in [39] , which is based on the top-hat curvature profile. In fact, as is shown in [20] , this model contains an unphysical feature that the density field has a negative delta-functional term at the transition to the flat FLRW exterior and gives a considerably smaller value of |ζ| for the sameδ than more physical models with smooth and non-negative density fields.
C. Comparison between the matter-dominated and radiation-dominated eras
It is useful to discuss the threshold in terms of the Fourier components of the curvature perturbation ζ. Linearizing Eqs. (5.12) and (5. 13) , we obtain the relation 
Thus, we find 17) where W (kr 0 ) is identified with g 2 (kr 0 ). We have assumed a random phase and isotropy in the distribution ofζ k and defined the power spectrum
Because of the rapidly increasing function k 4 and the window function in Eq. (5.17), the right-hand side can be written by the power spectrum at the characteristic wave number k = k BH .
Although there appears subtlety in identifying k BH , we simply write Eq. (5.17) as
Note that this agrees with Eq. (3.5) of Alabidi et al. [24] up to a factor of 2, which will depend on the definition of k BH . This σ H can be directly compared with the threshold δ th .
Based on the above argument, let us compare the production rates for the two eras. In the radiation-dominated era, we find σ which is roughly equivalent to |ζ k | th ≃ 0.24q 2 . If q is distributed around 0, we can conclude that black hole production is enhanced in the matter-dominated phase in comparison with the radiation-dominated phase because some fraction of masses have q < q c and those masses dominate the probability of black hole formation and give a larger production rate than in the radiation-dominated era. Even if q < q c is highly restricted, the masses with q satisfying q c < q 2.0 − 2.2, which have the threshold value |ζ k | th smaller than that in the radiation-dominated era, will dominate the production rate and give a larger production rate.
VI. CONCLUSION
We conclude that angular momentum plays crucial roles in primordial black hole formation in the matter-dominated phase of the Universe if it lasts sufficiently long. In fact, the formation of primordial black holes is exponentially suppressed contrary to conventional expectations. This suppression is much stronger than the effect of anisotropic collapse and the conventional formula overestimates the production rate. However, since the newly obtained exponential suppression is much weaker than that in the radiation-dominated era, the matter-dominated era can still be regarded as the epoch of enhanced production of primordial black holes. We also find that most of the primordial black holes formed in the matter-dominated era were rapidly rotating at their formation epoch and still are if they have kept a large fraction of spins until now. This has interesting implications for astrophysics and cosmology. We also predict that when primordial black holes are formed, much more "minihaloes" are formed, which have supercritical values of the Kerr parameter. If the matter-dominated era does not last so long, the production rate of primordial black holes is strongly suppressed and the tendency towards large spins of both the primordial black holes and the minihaloes is significantly weakened. Since the duration of the matter-dominated era is highly dependent on the cosmological scenario, it would be very interesting from a cosmological point of view to investigate the finite duration effect on the spins of primordial black holes. . Hence, the averaged density perturbation and its variance are given by
respectively, where A k is assumed to take a random phase. We also have
The first-order contribution to the angular momentum L (1) is then given by
From Eq. (A5), we have its variance
If the eccentricity is low, or equivalently q is small, we can neglect the anisotropy in f 2 (k) and we have 
where the power spectrum is assumed to be isotropic. However, if the eccentricity is high, or equivalently, q is large, we cannot neglect the anisotropy in f 2 (k). Even in this case, however, we may still rewrite Eq. (A6) in the following form: 
R does not depend on the overall normalization factor. If R ≃ 1, we recover Eq. (3.33).
Appendix B: Condition for the end time in terms of the reheating temperature
As an interesting example, in this section we assume that the reheating process due to a decay of massive particles makes the radiation-dominated phase start, i.e., t end = t R , where t R is the cosmic time at the reheating.
In this case, for the wave number k crossing the horizon (k = aH) at t = t H during the matter-dominated phase, the relation between k and t H is given by k ∼ k eq T R T eq black holes as
where we have used the relation between t R and T R t R ≃ g * 45/(2π 2 )
with g * ≃ 10.75 − 106.75 and put m Pl ≃ 2.4 × 10 18 GeV, k eq ∼ 0.01Mpc −1 , and T eq ∼ 0.7eV.
If we take only the anisotropic collapse into account, we find
come from the integral of the interval [t 1 (u), t 2 (u)] or [t 2 (u), ∞) on the right-hand side of Eq. (C13). We denote the former and latter contributions to β 0 with I 1 and I 2 , respectively.
For t 1, we obtain
